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A B S T R A C T
There has been a significant increased concern of the impact of the toxicity of multiple contaminants in the
marine environment. Thus, this study was aimed at determining whether the interaction between nano-TiO2 and
Cr(VI) would modulate their toxic effects with the marine crustacean, Artemia salina. Nano-TiO2 agglomerated in
artificial sea water (ASW) and readily formed micron-sized particles that settled down in the medium. The
addition of Cr(VI) to nano-TiO2 aggravated their agglomeration through sorption of Cr(VI) onto nano-TiO2. This
was reflected by a decrease in the residual concentration of Cr in the suspension. Acute toxicity tests performed
using pristine nano-TiO2 (0.25, 0.5, 1, 2, and 4 mg/L) and Cr(VI) (0.125, 0.25, 0.5, and 1 mg/L) displayed a
concentration dependent rise in the mortality of Artemia salina. To examine the effects of mixtures of nano-TiO2
and Cr(VI) on Artemia salina, two groups of experiments were designed. The former group studied the toxic effect
of nano-TiO2 (0.5, 1, 2, and 4 mg/L) with a fixed concentration (0.125 mg/L) of Cr(VI). While the latter group
studied the toxicity of Cr(VI) (0.25, 0.5, and 1 mg/L) with a fixed concentration (0.25 mg/L) of nano-TiO2. The
toxic effects of nano-TiO2 was not significantly reduced at a fixed concentration of Cr(VI) but in contrast, a
significant reduction in the Cr(VI) toxicity by fixed concentration of nano-TiO2 was observed. Toxicity data was
well supported by an independent action model that proved the mode of action between nano-TiO2 and Cr(VI) to
be antagonistic. Furthermore, ROS generation and measurement of antioxidant enzyme activities were also in
line with toxicity results. From this study, the modification of Cr(VI) toxicity at fixed concentration of nano-TiO2
could have a huge impact on the reduction in Cr(VI) toxicity across trophic levels.
1. Introduction
Among various metal oxide nanomaterials, titanium dioxide nano-
particles (nano-TiO2) has been a part of our daily lives. They are ex-
tensively used in day-to-day commodities such as cosmetics, paints,
skin care products etc. (Gupta et al., 2019). Attributed to its increased
large-scale production, nano-TiO2 has become one of the emerging
contaminant of the marine environment. Their entry into the marine
environment could either be deliberate or accidental and happens
through surface run-off, household, industrial and hospital waste dis-
charges (Fazelian et al., 2019). With these discharges, the expected
concentration of nano-TiO2 in aquatic environments will soon reach
micrograms per litre levels (Doyle et al., 2015). Even such low con-
centrations of nano-TiO2 pose a major threat to marine species, and
hence an imperative assessment of their toxic impacts needs to be
immediately addressed.
Likewise, environmental contamination by heavy metals also pre-
sents a major ecological factor and an associated health risk. Chromium
[Cr] was chosen as the heavy metal to focus on in this study as it has
been listed by the Environmental Protection Agency as one of the most
common and noxious contaminants (Sharma et al., 2012; Vimercati
et al., 2017) and has been used as a soluble reference chemical for
toxicity testing in Artemia salina (Kos et al., 2016; Persoone et al.,
1989). Cr primarily exist in two stable oxidation states: hexavalent Cr
[Cr(VI)] and trivalent Cr [Cr(III)]. Cr(VI) is highly toxic, stable and
soluble in sea water (Bonnand et al., 2013) compared to Cr(III). Entry
into seawater occurs either through natural [leaching from top soil and
rocks] or anthropogenic sources [industrial establishments] (Oze et al.,
2007; Tchounwou et al., 2012). Although their concentration in sea-
water remains very low [5.2 × 10−6 mg/L – 832 × 10−6 mg/L], their
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toxic impact cannot simply be overlooked (Pađan et al., 2019). The
determination of toxicity produced from such low concentrations of Cr
(VI), along with a co-contaminant, such as nano-TiO2 to marine or-
ganism is essential.
It has been shown that multiple contaminants can co-exist in the
marine environment and that they may work together to either enhance
or subdue their toxicity to marine organisms (Heys et al., 2016). In this
regard, nano-TiO2 and Cr(VI) was chosen as the model contaminant to
mimic the environmental conditions and evaluate how they influence
their toxicity over one another. Although several studies dealt with
mixture effects of nano-TiO2 and heavy metals on freshwater organisms
(Hu et al., 2019; Li et al., 2017, 2016; Luo et al., 2018), there are
limited studies on their effects on marine organisms. Balbi et al. (2014)
reported no alteration in the bioavailability, bioconcentration and
toxicity profile of Cd2+ upon co-exposure with nano-TiO2 to the marine
bivalve Mytilus galloprovincialis. In particular, no study had previously
dealt with evaluating the toxic effects of nano-TiO2 in combination with
Cr(VI). Therefore, filling this knowledge gap is very crucial.
Ecotoxicological analysis have been used to monitor the environ-
mental impact of the contaminants in the marine environment. Bio-
indicators play a critical role in carrying out such analysis as they are
sensitive to very low concentrations of contaminants, and respond well
to environmental stress (Parmar et al., 2016). In the marine environ-
ment, zooplankton forms a major depository of organisms that help in
channelling the flow of energy across the food chain (Ozkan et al.,
2016). Amongst various zooplanktons, Artemia salina was chosen as the
test organism because of their non-selective filter feeding behaviour
and high reproductive capacity (Ates et al., 2016; Gutner-Hoch et al.,
2019).
Considering the lack of published literature, the present study is the
first of its kind to report the toxic effects of this mixture of nano-TiO2
and Cr(VI) on marine organisms. We hereby hypothesize that a possible
interaction between Cr(VI) and nano-TiO2 might influence their toxic
effects to Artemia salina. The major purpose of this study was to eval-
uate; (i) the impact of Cr(VI) on nano-TiO2 toxicity and (ii) the effects of
nano-TiO2 on Cr(VI) toxicity. Initially, nano-TiO2, with and without Cr
(VI), were characterised using electron microscopy and particle size
analysis. Two groups of mixture concentrations were then created to
examine their toxic impacts on Artemia salina. The first group consisted
of varying nano-TiO2 (0.5, 1, 2, and 4 mg/L) with a fixed concentration
(0.125 mg/L) of Cr(VI), while the second group consisted of varying Cr
(VI) (0.25, 0.5, and 1 mg/L) with a fixed concentration (0.25 mg/L) of
nano-TiO2. The toxicity profile was further validated by the subsequent
changes in oxidative radical generation, antioxidant enzyme activity
and morphological traits in the organism.
2. Materials and methods
2.1. Chemicals
For this work, P25, a form of nano-TiO2 powder having a primary
particle size of 21 nm, 2′, 7′ dichlorofluorescin diacetate (DCFH-DA)
and sodium carbonate (Na2CO3) were bought from Sigma-Aldrich, USA.
Hydroxylamine hydrochloride, dimethyl sulfoxide, and Triton X-100
were sourced from Hi-Media Pvt. Ltd., India. Potassium dichromate
(K2Cr2O7) was obtained from SRL Chemicals Pvt. Ltd., India. Nitroblue
tetrazolium chloride (NBT) and 30 % w/v Hydrogen peroxide (H2O2)
were purchased from SDFCL, India. The eggs of Artemia salina were
purchased from Ocean Star International Inc., USA.
2.2. Preparation of stock dispersions of nano-TiO2 and Cr(VI)
P25 form of nano-TiO2 was added to deionized water to prepare an
initial stock dispersion of 100 mg/L. The prepared suspension was so-
nicated for 30 min using a probe sonicator to obtain a uniform dis-
persion. For the preparation of the stock solution of 1000 mg/L Cr(VI),
28.35 mg of K2Cr2O7 was dissolved in 10 mL of deionized water.
2.3. Experimental matrix and test organism
Natural seawater (NSW) was used to hatch Artemia salina eggs,
whereas artificial seawater (ASW) (Supplementary information) was
used as the experimental matrix for performing toxicity and biochem-
ical assays. Both seawater types were filtered and sterilized at 121 °C for
20 min. About 1 g of dried eggs were added to 2 L of NSW in a round
bottom glass tank, with a constant supply of air and light provided.
Under these conditions, hatching occurred within a day and the hat-
ched nauplii were separated and allowed to grow in a fresh NSW
medium for a further 24 h. For the experiments, 48-h old nauplii were
selected. All assays in this study were conducted using an established
protocol (Bhuvaneshwari et al., 2018).
2.4. Assessment of physical-chemical interactions between nano-TiO2 and
Cr(VI)
Nano-TiO2 dispersed in deionized water was characterized for shape
and size using high resolution transmission electron microscope (TEM)
(FEI TecnaiG2 T20 S-twin). Also, the behaviour of nano-TiO2, with and
without Cr(VI) in ASW was also assessed using TEM. Nano-TiO2 con-
centration of 0.25 mg/L with and without 1 mg/L Cr(VI) and nano-TiO2
concentration of 4 mg/L with and without 0.125 mg/L Cr(VI) were
prepared and a selection of samples were dropped onto a copper grid
and imaged using TEM.
To assess the effective diameter of nano-TiO2, 0.25 mg/L nano-TiO2
with and without 1 mg/L Cr(VI), and 4 mg/L nano-TiO2 with and
without 0.125 mg/L Cr(VI), were prepared in ASW and analysed im-
mediately using a particle size analyser (Brookhaven Instruments Corp.,
USA). To carry out the sedimentation analysis, a selection of samples
from these dispersions were pipetted out from the top portion of the
static suspension and the absorbance maximum of nano-TiO2 was re-
corded (324 nm) (Model U2910, HITACHI, Japan).
2.5. Determination of residual concentration of Cr
The residual concentration of Cr was determined at different time
points for the mixtures containing 1 mg/L Cr(VI) with a fixed con-
centration of nano-TiO2 (0.25 mg/L) and 4 mg/L nano-TiO2 with a fixed
concentration of Cr(VI) (0.125 mg/L). After the stipulated time points
(0, 24, and 48 h), samples were centrifuged (12,000 rpm, 15 min) and
the supernatant was filtered using 0.1 μm and 3 KDa filters for the
complete elimination of nano-TiO2. The filtered supernatant was ana-
lysed for Cr concentration at a wavelength of 357.87 nm with an
Atomic Absorption Spectrophotometer (Perkin Elmer, India).
2.6. Determination of acute toxicity
2.6.1. Determination of toxic effects of pristine nano-TiO2 and Cr(VI)
The test concentrations for toxicity test were selected based on the
EC50 values of pristine nano-TiO2 (2 mg/L) and Cr(VI) (0.3 mg/L). For
nano-TiO2, three concentrations < EC50 value (0.25, 0.5, and 1 mg/L),
one concentration nearer to EC50 value (2 mg/L), and one > EC50 value
(4 mg/L) were chosen. Similarly, for Cr(VI), two concentrations < EC50
value (0.125, and 0.25 mg/L), one concentration nearer to EC50 value
(0.5 mg/L), and one > EC50 value (1 mg/L) were chosen. Thus, acute
toxicity experiments were conducted with five varying concentrations
of pristine nano-TiO2 (0.25, 0.5, 1, 2, and 4 mg/L) and four varying
concentrations of Cr(VI) (0.125, 0.25, 0.5, and 1 mg/L). All toxicity and
biochemical tests were performed in triplicates. Around 10 Artemia
salina nauplii were interacted with the above-mentioned concentrations
of pristine nano-TiO2 and Cr(VI), and after an exposure period of 48 h,
the total live nauplii were counted and the percentage of mortality was
calculated, keeping control samples as a reference. No aeration or food
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was provided to nauplii during the experiments.
2.6.2. Determination of mixture toxicity of nano-TiO2 and Cr(VI)
Two groups of experiments were created for assessing the toxicity of
nano-TiO2 and Cr(VI) mixtures. The former group studied how Cr(VI)
modulates the toxicity of nano-TiO2, while the latter group studied how
nano-TiO2 influences the toxicity of Cr(VI). The former group experi-
ments were carried out with varying concentrations of nano-TiO2 (0.5,
1, 2, and 4 mg/L) and fixed Cr(VI) of 0.125 mg/L. Similarly the second
group of experiments consisted of varying concentrations of Cr(VI)
(0.25, 0.5, and 1 mg/L) and fixed nano-TiO2 of 0.25 mg/L. Around 10
Artemia salina nauplii were used for interaction and after an exposure
period of 48 h, the total live nauplii were counted and percentage of
mortality was calculated, keeping control samples as a reference. No
food and aeration were provided to nauplii during the experiments.
The toxicity results were further substantiated by an independent
action model. This model is used when the mode of action of two
contaminants under study is different (Abbott, 1925). Expected mor-
tality (Cexp), and inhibition ratio (RI) were computed on the basis of the
equations provided in our previous publication (Thiagarajan et al.,
2019). The RI value determines the mode of interaction between nano-
TiO2 and Cr(VI). An RI value <1 indicates an antagonistic action while
RI value >1 shows a synergistic action. Whereas RI = 1 indicates an
additive mode of interaction. Two-way ANOVA was performed to check
the significance between observed and expected mortality. If no sig-
nificance exists between observed and expected mortality, the inter-
action is additive, irrespective of the acquired RI value.
2.7. Determination of oxidative stress
2.7.1. Estimation of reactive oxygen species (ROS)
ROS are generated in response to the stress generated by con-
taminants in the system and was quantified by the procedure described
previously (Wang and Joseph, 1999). After the treatment of Artemia
salina with pristine nano-TiO2, Cr(VI), and mixture groups, the nauplii
were rinsed in deionized water. About 100 μL of DCFH-DA (10 μM) was
added and incubated in the dark for 30 min. Afterwards, the nauplii
were rinsed in deionized water and 2 mL of phosphate buffer (pH 7.4)
was added and homogenized. The homogenized samples were cen-
trifuged, and the supernatant was analysed for fluorescent intensity at
an excitation wavelength of 485 nm, with an emission wavelength of
530 nm (Cary Eclipse fluorescence spectrophotometer, model G9800A;
Agilent Technologies, USA).
2.7.2. Estimation of antioxidant enzyme activity
Artemia salina treated with pristine nano-TiO2, Cr(VI), and mixture
groups were rinsed in deionized water. After rinsing, the nauplii were
homogenized in a 0.5 M potassium phosphate buffer of pH 7.5.
Afterwards, centrifugation of the samples was carried out for 10 min at
13,000 rpm and the recovered supernatant was used to perform the
following bioassays.
Quantification of SOD activity is essential in the antioxidant prop-
erties of a biological system and this was performed using the char-
acterizing protocol explained by Kono (1978). The assay was performed
in a 24 well plate by the addition of the following reagents, one after
the other: 50 mM of Na2CO3 buffer (pH 10), 96 of mM NBT, 0.6 % of
Triton X-100, 20 mM of hydroxylamine hydrochloride, and 70 μL of the
recovered supernatant. The prepared reaction mixture was placed
under visible illumination (fixed wavelength) for 20 min and absor-
bance of the reaction mixture was recorded at 560 nm using an UV–vis
spectrophotometer.
The CAT activity in response to oxidative stress was estimated
(Yilancioglu et al., 2014). 200 μL of the recovered supernatant was
added to 10.8 mM H2O2 prepared in 50 mM potassium phosphate
buffer and this reaction mixture was measured spectrophotometrically
at 240 nm for 3 min using an UV–vis spectrophotometer. Potassium
phosphate buffer was used as the reference.
2.8. Optical microscopy
In order to assess the morphological damage, optical microscopic
images were captured for the control nauplii, and the nauplii treated
with 4 mg/L pristine nano-TiO2, 1 mg/L Cr(VI), 4 mg/L nano-TiO2 with
fixed Cr(VI) of 0.125 mg/L, and 1 mg/L Cr(VI) with fixed nano-TiO2 of
0.25 mg/L. The nauplii was placed on the glass slide, fixed with 2 %
glutaraldehyde and imaged under a phase contrast microscope (Zeiss
Axiostar Optical Microscope, USA).
2.9. Statistical analysis
All tests were conducted in triplicates (n = 3) and the findings were
recorded as mean ± standard error. To test the statistical significance
of the data, two-way ANOVA with a Bonferroni post-test was carried
out and the statistical significance was set at p < 0.05.
3. Results
3.1. Physical-chemical interactions
Fig. 1 shows spherical and cubic shaped nano-TiO2 particles with a
size less than 25 nm. The agglomeration of nano-TiO2 in ASW (0th h)
with and without Cr(VI) is depicted in Fig. 2. It was observed that 4 mg/
L nano-TiO2 (Fig. 2A) showed more agglomeration compared to 0.25
mg/L nano-TiO2 (Fig. 2B). This agglomeration of nano-TiO2 marginally
increased in the presence of Cr(VI) (Fig. 2C and D).
The agglomeration was further validated from dynamic light scat-
tering studies. The effective diameter of nano-TiO2 in ASW with and
without Cr(VI) at different time intervals is depicted in Fig. 3A. A dose-
dependent increase in the size of NPs over time was observed with and
without Cr(VI). This increase in the effective diameter of nano-TiO2
upon Cr(VI) addition (4 mg/L nano-TiO2 with 0.125 mg/L Cr(VI) and 1
mg/L Cr(VI) with 0.25 mg/L nano-TiO2) was significant (p < 0.05)
with respect to the effective diameter of pristine nano-TiO2 (4 mg/L and
0.25 mg/L).
Sedimentation of nano-TiO2 in ASW also validated their agglom-
eration in the test medium (Fig. 3B). A decrease in the absorbance of
nano-TiO2 from the top layer of the static suspension was observed for
Fig. 1. Transmission electron microscopic image of nano-TiO2 dispersion in
deionized water.
V. Thiagarajan, et al. Aquatic Toxicology 225 (2020) 105541
3
both mixture groups. After 48 h, about 5.7 % of 4 mg/L pristine nano-
TiO2, and 16.6 % of 0.25 mg/L pristine nano-TiO2 were available in the
top portion indicating the settling of NPs in the system. While in the
presence of 0.125 mg/L Cr(VI), about 7.5 % of 4 mg/L nano-TiO2 was
available. The decrease in the settling percentage was statistically in-
significant for 4 mg/L nano-TiO2 with and without 0.125 mg/L Cr(VI).
However, no absorbance peak of nano-TiO2 was obtained when 1 mg/L
Cr(VI) was added to it.
3.2. Cr (VI) adsorption on nano-TiO2
Determination of the residual concentration of Cr is a measure of Cr(VI)
adsorption over nano-TiO2. At 0th h, for the mixture containing 4 mg/L
nano-TiO2 and 0.125 mg/L Cr(VI), the percentage of Cr adsorbed over
nano-TiO2 was found to be 23± 8%, which increased to 48± 2% after 48
h. But in contrast, for the mixture containing 1 mg/L Cr(VI) and 0.25 mg/L
nano-TiO2, the percentage of Cr adsorbed over nano-TiO2 at 0th h was found
to be 33 ± 4 % and reached an equilibrium value of 21 ± 1 % after 48 h.
Fig. 2. Transmission electron microscopic image of A) 4 mg/L nano-TiO2; B) 0.25 mg/L nano-TiO2; C) 4 mg/L nano-TiO2 + 0.125 mg/L Cr(VI); D) 1 mg/L Cr(VI) +
0.25 mg/L nano-TiO2 in the experimental matrix (ASW).
Fig. 3. A) Effective diameter of nano-TiO2 nanoparticles in ASW, and B) Sedimentation profile of nano-TiO2 with and without Cr(VI).
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3.3. Mixture effect of nano-TiO2 and Cr(VI)
The mortality observed in response to the treatment of pristine
nano-TiO2 and Cr(VI) on Artemia salina is depicted in Fig. 4. This in-
teraction, with increasing concentrations of pristine nano-TiO2 and Cr
(VI), resulted in an increase in mortality, which was significantly dif-
ferent (p < 0.001) from the control, except for 0.25 mg/L of pristine
nano-TiO2.
The mortality observed in response to the treatment of the mixture
groups on Artemia salina is also depicted in Fig. 4. A concentration
dependent rise in mortality was observed after the addition of 0.125
mg/L Cr(VI) to increasing concentrations of nano-TiO2 (0.5, 1, 2, and 4
mg/L). This rise in mortality was significantly different (p < 0.001)
from the control. Similar significant increase (p < 0.001) in the mor-
tality was documented after the addition of 0.25 mg/L nano-TiO2 to
different concentrations of Cr(VI) (0.25, 0.5, and 1 mg/L).
The addition of 0.125 mg/L Cr(VI) reduced the toxicity of nano-
TiO2 for Artemia salina when compared with their respective pristine
nano-TiO2 concentrations. The observed decline between pristine nano-
TiO2 and nano-TiO2+Cr(VI) was statistically insignificant (p > 0.05)
for all the test concentrations. Likewise, the addition of 0.25 mg/L
nano-TiO2 reduced the toxicity of Cr(VI) to Artemia salina when com-
pared with respective pristine Cr(VI) concentrations. However, this
decline observed between pristine Cr(VI) and Cr(VI)+nano-TiO2 was
highly significant (p < 0.001) at all test concentrations.
The mixture toxicity of nano-TiO2 and Cr(VI) was substantiated by
an independent action model. Table 1 shows the calculated RI value
along with their respective mode of action between the contaminants. A
concentration dependent increase in the RI values were noted upon the
addition of 0.125 mg/L Cr(VI) with increasing concentrations of nano-
TiO2 (0.5, 1, 2, and 4 mg/L). Similarly, an increasing trend in the RI
values were observed after the addition of 0.25 mg/L nano-TiO2 to
different concentrations of Cr(VI) (0.25, 0.5, and 1 mg/L). As the RI
values are <1 and a significant difference (p < 0.05) exists between
the observed and expected mortality, the mode of action between nano-
TiO2 and Cr(VI) in both the mixture groups were antagonistic. Thus,
this model validates the results of the toxicity profile.
3.4. Oxidative stress
3.4.1. Reactive oxygen species
The production of ROS in Artemia salina after treatment with pris-
tine nano-TiO2 and Cr(VI) is shown in Fig. 5. The interaction with in-
creasing concentrations of pristine nano-TiO2 and Cr(VI) resulted in an
increase in ROS production, which was statistically different (p <
0.001) from the control only for 4 mg/L of pristine nano-TiO2 and 0.5,
and 1 mg/L of Cr(VI).
ROS produced in Artemia salina after treatment with mixture groups
is also depicted in Fig. 5. A concentration dependent rise in ROS gen-
eration was recorded after the addition of 0.125 mg/L Cr(VI) to varying
concentrations of nano-TiO2 (0.5, 1, 2, and 4 mg/L) and for the addition
of 0.25 mg/L nano-TiO2 to varying concentrations of Cr(VI) (0.25, 0.5,
and 1 mg/L). This increased ROS generation was significantly different
(p < 0.001) from control only for two mixture concentrations: 4 mg/L
nano-TiO2+0.125 mg/L Cr(VI) and 1 mg/L Cr(VI)+0.25 mg/L nano-
TiO2.
The addition of 0.125 mg/L Cr(VI) to 4 mg/L nano-TiO2 resulted in
a significant decrease (p < 0.05) in ROS generation when compared
with 4 mg/L pristine nano-TiO2 alone. In contrast, the addition of 0.25
mg/L nano-TiO2 to varying concentrations of Cr(VI) (0.25, 0.5, and 1
Fig. 4. Percentage mortality produced in response to pristine nano-TiO2 (0.25,
0.5, 1, 2, and 4 mg/L), Cr(VI) (0.125, 0.25, 0.5, and 1 mg/L) and their mixture.
‘*’ indicates significant difference in mortality with respect to control whereas
‘α’ represents significant difference in mortality between mixture concentration
and respective concentrations of pristine nano-TiO2/Cr(VI).
Table 1
Independent action model for the mixture containing nano-TiO2 and Cr(VI).
Concentration of Cr(VI) (mg/L) Concentration of nano-TiO2 (mg/L) Observed Toxicity (%) Expected Toxicity (%) Ratio of Inhibition (RI) p<0.05 Mode of action
0.125 0.5 25 51.99 ± 4.61 0.48 ± 0.04 Yes Antagonistic
1 35.71 ± 6.18 57.77 ± 5.12 0.64 ± 0.14 Yes Antagonistic
2 42.85 ± 3.57 63.55 ± 2.35 0.67 ± 0.04 Yes Antagonistic
4 46.42 ± 6.18 68.88 ± 3.87 0.68 ± 0.12 Yes Antagonistic
0.25 0.25 14.28 ± 0.00 54.66 ± 1.33 0.26 ± 0.00 Yes Antagonistic
0.5 21.42 ± 3.57 70.66 ± 5.55 0.30 ± 0.04 Yes Antagonistic
1 39.28 ± 9.44 76.88 ± 4.44 0.50 ± 0.10 Yes Antagonistic
Fig. 5. Percentage ROS produced in response to pristine nano-TiO2 (0.25, 0.5,
1, 2, and 4 mg/L), Cr(VI) (0.125, 0.25, 0.5, and 1 mg/L) and their mixture. ‘*’
indicates significant difference in ROS generation with respect to control
whereas ‘α’ represents significant difference in ROS generation between mix-
ture concentration and respective concentrations of pristine nano-TiO2/Cr(VI).
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mg/L) produced a significant decrease (p < 0.05) in ROS generation for
all the mixture concentrations when compared with respective pristine
Cr(VI) concentrations.
3.4.2. Antioxidant enzyme activity
SOD activity in Artemia salina after treatment with pristine nano-
TiO2, Cr(VI), and their mixtures is represented in Fig. 6. Their inter-
action with increasing concentrations of pristine nano-TiO2 and Cr(VI)
resulted in reduced SOD activity, which was statistically different (p <
0.001) from the control, except for 0.25 mg/L of pristine nano-TiO2.
Similarly, for the first mixture group, a concentration dependent sig-
nificant reduction (p < 0.01) in SOD activity with control was recorded
after the addition of 0.125 mg/L of Cr(VI) to varying concentrations of
nano-TiO2 (0.5, 1, 2, and 4 mg/L). Whereas for the second mixture
group, the addition of 0.25 mg/L nano-TiO2 to varying concentrations
of Cr(VI) (0.25, 0.5, and 1 mg/L) produced an insignificant reduction (p
> 0.05) in SOD activity with respect to the control. When comparing
pristine nano-TiO2 with nano-TiO2+Cr(VI) and pristine Cr(VI) with Cr
(VI)+ nano-TiO2, a statistically significant (p < 0.001) increase in the
SOD activity was recorded.
CAT activity in Artemia salina after treatment with pristine nano-
TiO2, Cr(VI), and their mixture is depicted in Fig. 7. Increasing con-
centrations of pristine nano-TiO2 and Cr(VI) resulted in increased CAT
activity, which was statistically different (p < 0.001) from the control,
except for 0.25 mg/L of pristine nano-TiO2. Similarly, the addition of
0.125 mg/L Cr(VI) to 2 and 4 mg/L of nano-TiO2 produced a significant
increase in CAT activity (p < 0.05) with respect to the control. In
contrast, the addition of 0.25 mg/L nano-TiO2 to varying concentra-
tions of Cr(VI) (0.25, 0.5, and 1 mg/L) produced an insignificant in-
crease (p > 0.05) in CAT activity with respect to the control for all the
mixture concentrations. Comparisons between pristine nano-TiO2 and
nano-TiO2+Cr(VI) showed an insignificant (p > 0.05) increase in CAT
activity, whereas comparisons between pristine Cr(VI) and Cr(VI)
+nano-TiO2 showed a highly significant reduction (p < 0.001) in CAT
activity for all the test concentrations.
3.5. Morphological changes
The morphological damage to Artemia salina treated with nano-
TiO2, Cr(VI), and their mixture were represented in Fig. S1. No no-
ticeable damage or particle intake was observed in the nauplii control
group (Fig. S1A). Nauplii treated with pristine nano-TiO2 (4 mg/L) had
ingested and accumulated NPs from the thorax to the last appendages of
the abdominal gut region, with minimal physical deformities observed
(Fig. S1B). For the nauplii treated with 1 mg/L Cr(VI), the following
observations were recorded: both antennules were missing, clear
stooping of the abdominal region, mislaid and distortion of both an-
tenna, protuberance and narrowed whole body length (Fig. S1C). Small
agglomerates of Cr(VI) adsorbed on Artemia might hinder its typical
swimming patterns. Nauplii treated with mixture groups demonstrated
abysmal physical deformities such as missing an eye and both the an-
tennule and antenna (Fig. S1D and S1E). Agglomerates of nano-TiO2
and Cr(VI) were evenly adsorbed on the body surface (Fig. S1E) and its
ingestion was evident by its presence in the abdominal region (gut).
Swelling of the whole body, complete damage to the thoracic region
and a slouching abdominal gut were also evident.
4. Discussion
The highly saline nature of seawater reduces the electrostatic re-
pulsion between the particles, which results in agglomeration of nano-
TiO2 (Manzo et al., 2015). Thus formed micron and submicron-sized
agglomerates are also capable of producing toxic effects (Schiavo et al.,
2018). The addition of Cr(VI) to nano-TiO2 further accelerated the
agglomeration (Fig. 3A). At a slightly alkaline pH > 8, Cr(VI) could
exist as CrO42− (Weng et al., 1997), which might facilitate the anionic
adsorption onto nano-TiO2 (Yang and Lee, 2006). In addition, nano-
TiO2 has relatively a high adsorption potential for Cr(VI) due to the
presence of hydroxyl group (OH) on the surface (Asuha et al., 2010).
Further studies related to surface chemical changes of nano-TiO2 are
required to understand this enhanced agglomeration phenomenon. This
agglomeration could not significantly affect the bioavailable nano-TiO2
concentration (Fig. 3B), since even at the highest nano-TiO2 con-
centration (4 mg/L), only 0.062 mg/L Cr(VI) was adsorbed (Section
3.2). When the adsorption equilibrium is reached, an instantaneous
desorption of Cr(VI) may follow, thereby reducing the further surface
binding of Cr(VI) on nano-TiO2. Our observations are similar to the
findings of Weng et al. (1997) and Yang and Lee (2006).
Because of significant agglomeration and sedimentation in the
medium, the concentration of nano-TiO2 was not linearly associated to
the initial amount of nano-TiO2 (Brunelli et al., 2013). Hence, the
mortality of Artemia salina would be mainly dependent on initial uptake
of nano-TiO2. In the binary mixture, almost 50 % nano-TiO2 (24 h)
Fig. 6. SOD activity produced in response to pristine nano-TiO2 (0.25, 0.5, 1, 2,
and 4 mg/L), Cr(VI) (0.125, 0.25, 0.5, and 1 mg/L) and their mixture. ‘*’ in-
dicates significant difference in SOD activity with respect to control whereas ‘α’
represents significant difference in SOD activity between mixture concentration
and respective concentrations of pristine nano-TiO2/Cr(VI).
Fig. 7. CAT activity produced in response to pristine nano-TiO2 (0.25, 0.5, 1, 2,
and 4 mg/L), Cr(VI) (0.125, 0.25, 0.5, and 1 mg/L) and their mixture. ‘*’ in-
dicates significant difference in CAT activity with respect to control whereas ‘α’
represents significant difference in CAT activity between mixture concentration
and respective concentrations of pristine nano-TiO2/Cr(VI).
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(Fig. 3B) was available either in free or complex (nano-TiO2–Cr(VI))
form in the medium, and this could have induced toxicity in Artemia
salina. Furthermore, higher concentrations of nano-TiO2 could effi-
ciently adsorb Cr(VI), thereby decreasing Cr(VI) availability and at-
tenuating its toxicity. It is also observed that addition of 0.25 mg/L
nano-TiO2 to different concentrations of Cr(VI) significantly reduced
the toxic effects of Cr(VI). As the cut-off size for particle ingestion by
Artemia salina is 50 μm (Ates et al., 2013), even micron sized nano-TiO2
with adsorbed Cr(VI) could enter and accumulate in the acidic gut re-
gions (Fig. S1). The desorption of Cr(VI) from nano-TiO2 at such a low
pH would be rather difficult. (Lu et al., 2018). Additionally, acidic pH
conditions would also favour photocatalytic conversion of Cr(VI) to Cr
(III) on the surface of nano-TiO2, thereby reducing the toxic impact of
adsorbed Cr (Marinho et al., 2017; Wang et al., 2004).
From the mortality data, it is obvious that the toxicity induced by
both the mixture groups were antagonistic and this was validated from
independent action modelling (Table 1). The presence of nano-TiO2
with Cr(VI) could prevent the synergy of the mixture compounds by the
adsorption of Cr(VI) on nano-TiO2, thereby producing an antagonistic
effect to Artemia salina (Matouke and Mustapha, 2019). This result was
well supported with the findings of Li et al. (2018) where the toxicity
produced by the mixture containing nano-TiO2 and Cd2+ was antag-
onistic to Escherichia coli.
The ROS generation is considered a significant indicator of toxic
effects in Artemia salina (Ates et al., 2013; Wang et al., 2017). Nano-
TiO2 is a well-known photocatalyst that generates ROS under light
conditions (Mezni et al., 2018). Cr(VI) is also known to generate ROS
intracellularly during the catalytic reduction of Cr(VI) to Cr(III)
(Emmanouil et al., 2006; Gu et al., 2015). Thus, both nano-TiO2 and Cr
(VI) could produce ROS intracellularly leading to an additive effect in
the mixture groups (Fig. 5). The ROS generated in turn could activate
the antioxidant defence mechanisms such as SOD and CAT to protect
the cells from oxidative damages. In this regard, SOD activity induced
by both the mixture groups were greater compared to that by pristine
nano-TiO2 or Cr(VI) (Fig. 6). This signifies that the mixture containing
nano-TiO2 and Cr(VI) possibly assisted in the activation of SOD.
Moreover, the decrease in SOD activity at higher concentrations of the
mixture groups might have resulted from the degradation of SOD by the
higher amount of ROS in the cells (Gottfredsen et al., 2013). In such
instances of reduced enzymatic activity, autocatalysis of oxidative da-
mage follows (Escobar et al., 1996). It is well known that the dis-
proportionation of superoxide produces oxygen and H2O2. To overcome
the damage produced by H2O2 in cells, CAT enzyme is activated. The
CAT activity induced by the first mixture group was greater compared
to pristine nano-TiO2 (Fig. 7). This signifies that the enzyme was not
denatured even under a remarkably high oxidative stress generated by
the mixture group. In contrast, the CAT activity induced by the second
mixture group were lesser compared to individual Cr(VI) (Fig. 7). At
instances, CAT could not overcome the excess of H2O2 produced in the
cells and becomes inactivated displaying reduced activity (Zhu et al.,
2018).
5. Conclusion and future perspective
The present work studied how a possible interaction of Cr(VI) with
nano-TiO2 might influence their toxic effects on Artemia salina. The
mortality of Artemia salina was mainly dependent on initial uptake of
nano-TiO2 and the adsorption of Cr(VI) to increasing concentrations of
nano-TiO2 resulted in decreased bioavailability of Cr(VI) and reduced
toxicity of nano-TiO2 to Artemia salina. In contrast, a strong adsorption
of Cr(VI) to nano-TiO2 and photocatalytic conversion of Cr(VI) to Cr(III)
at acidic gut pH, decreased the toxicity of increasing concentrations of
Cr(VI) in the presence of fixed concentration of nano-TiO2.
In the absence of published literature on the co-exposure of nano-
TiO2 and Cr(VI) to Artemia salina, the present work would lead to more
comprehensive studies in marine ecotoxicology on the interactive
effects of the emerging contaminants. Although this study was con-
ducted on the basis of EC50 values of nano-TiO2 and Cr(VI), it is re-
commended to carry out future studies with environmentally relevant
concentrations of the pollutants to look at interactive effects.
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